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GUNNAR STELIN and BENGT RIPPE
Department of Nephrology, Sahlgrenska Hospital, and Department of Physiology, University of Goteborg, Goteborg, Sweden
A phenomenological interpretation of the variation in dialysate volume
with dwell time in CAPD. Intraperitoneal fluid volume (IPV) changes
versus time were followed in patients undergoing continuous ambula-
tory peritoneal dialysis (CAPD) using a simple volume recovery
method. In each patient dialysates containing 1.36 and 3.86 percent
glucose as an osmotic agent were investigated. The patients' IPV versus
time data were fitted to a function determined by four "arbitrary"
coefficients, from which both the initial ultrafiltration (UF) rate imme-
diately following intraperitoneal (i.p.) fluid instillation and the "final"
peritoneal-to-blood fluid absorption rate could be assessed. The perito-
neal osmotic conductance to glucose, that is, the peritoneal ultrafiltra-
tion coefficient (Kf), times the peritoneal osmotic reflection coefficient
to glucose (a5), K1 o, was determined using two related approaches. K1
o- is a major determinant of the transperitoneal volume exchange, and
it was calculated to be 3.54 0.85 (± SE) and 3.81 0.52 l/min/mm
Hg, respectively, depending on the assumption employed. Kf cr was
further analysed according to a three-pore model of membrane perme-
ability to determine the possible range of K1 and a5 compatible with a
peritoneal small solute sieving coefficient ('CI) ranging from 0.3 to 0.61.
According to these calculations both Kf and a5 ranged from 0.043 to
0.081 (mI/mm/mm Hg and dimensionless, respectively). The maximal
peritoneal lymph flow (L) realistic according to this analysis, and
compatible with a measured total peritoneal-to-blood fluid absorption
rate of 1.25 0.14 mI/mm, was 0.75 mI/mm, the most plausible values,
however, falling between 0.3 to 0.5 mllmin.
The peritoneal osmotic reflection coefficient to glucose (o-)is
defined as the effective osmotic pressure exerted by glucose
across the peritoneal membrane in relation to its "ideal"
osmotic pressure as established for a perfectly semipermeable
membrane. The product of the peritoneal UF-coefficient (K1)
and a5, that is, Kf a5, is a major determinant of the transperi-
toneal fluid exchange in peritoneal dialysis performed using
glucose containing dialysates [1—5]. The present article de-
scribes two ways of assessing this product from the "early"
portions of experimental intraperitoneal fluid volume (IPV)
versus time curves in patients undergoing CAPD. Furthermore,
utilizing IPV versus time data collected during rather long dwell
times (eight to twelve hrs) and applying current hydrodynamic
theories for transport through heteroporous membranes [6, 7],
we have made an order-of-magnitude estimation of K1, and hence
of o, as an index of pentoneal membrane pennselectivity.
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Previous attempts to estimate o during CAPD have, with a
few exceptions [2, 3], been based on complicated model ap-
proaches and assessments of the sieving coefficient to glucose
[4, 8]. These approaches have given high values of crfor glucose
indicating that the peritoneal membrane, with regard to its
osmotic barrier properties, would be as impermeable as cell
membranes. In contrast to these findings, Rippe, Perry and
Granger [1] determined a o- for glucose of 0.02 for the cat's
peritoneal membrane. Furthermore, when evaluating transperi-
toneal solute transfer using a heteroporous model of membrane
permeability, Rippe and Stelin [9] calculated a glucose a of
0.043 in CAPD patients. These low reflection coefficients are
explained by an "equivalent" pore radius of the peritoneal
membrane of 47 to 57 A, using current hydrodynamic theories
[71 and assuming that approximately one-half of the glucose-
induced UF for large (glucose) osmotic transients occurs
through these pores, the other half of the water flow occurring
through very small pores (radius 4 to 6 A), which are imperme-
able to small solutes.
In view of this controversy and a possible species differences
with regard to peritoneal permselectivity, we conducted the
present study in order to determine K1 a5 and to obtain
estimates of a5 and K1 in CAPD patients. In estimating these
parameters we have extended our knowledge about the basic
mechanisms that govern the exchange of fluid across the
peritoneal membrane. Some preliminary results from this study
have been published in abstract form [2].
Methods
Theory
Evaluation of the peritoneal volume versus time curves. The
rate of change that occurs in peritoneal dialysate volume in a
given moment, dV/dt, equals the instantaneous net volume flow
through the peritoneal membrane (J). J.,, is a function of the
hydraulic conductance (K1) and the hydrostatic, colloid osmotic
(oncotic) and crystalloid osmotic pressure gradients existing
across the peritoneal membrane according to the following
phenomenological equation [10]:
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Table 1. Arbitrary coefficients determining the IPV versus time curves (according to eq. 2) in patient #10 (data are means SE)
Dialysate glucose conc
V0 a,
min' a2mi/mmml
3.86% 2015 142 1041 138 0.0073 0.0014 1.19 0.23
1.36% 2046 39.0 239.0 40.0 0.0159 0.0052 0.90 0,08
Kfog —a °
Here P represents the mean hydrostatic pressure difference 'height" of the Vt (or LPV) versus time curve, a2 represents the
prevailing between the blood capillaries and the peritoneal sum of three terms that describe capillary and lymphatic fluid
cavity, I1Tprot is the colloid osmotic pressure difference caused absorption from the peritoneal cavity and will be dealt with
by the plasma proteins, and 0prot and o represent the average separately in the following section (eq. 10).
reflection coefficients for total protein and glucose across the We have now defined the parameters which must be mea-
peritoneum, respectively. 1Tg is the ideal peritoneal crystalloid sured to define the IPV versus time curves using phenomeno-
osmotic pressure difference exerted by glucose across a semi- logical coefficients. Note that:
permeable membrane. The fourth term in parenthesis denotes
the sum of all other "effective" crystalloid Osmotic gradients (4)
acting across the peritoneal membrane. Contrary to the glucose
osmotic gradient, these gradients (established by urea, potas-
sium, sodium, etc.) mostly act in the direction from the pento- Thus, for a given i.p. glucose concentration and dialysate
neum to the blood as denoted by the negative sign. Finally, L volume, the height of the IPV versus time curve is determined
represents the lymph flow from the peritoneal cavity to the primarily by the ratio of the osmotic conductance to glucose
blood, over its mass transfer-area coefficient. If, for instance, these
The crystalloid osmotic pressure differences acting across the two parameters decrease in parallel due to a reduced pentoneal
peritoneal membrane initially after placing a glucose dialysate surface area, this will not markedly affect the height of the
into the pentoneal cavity, ir and will disappear expo- curve [3, 5]. However, because of the behavior of the exponen-
nentially with time due to solute equilibration (diffusion) across tial term in equation 2, the curve 'peak" time (tpeak) will
the membrane [4, 8]. Only the hydrostatic and colloid osmoticincrease [3, 51, because tpeak is the time when the first derivative
pressure gradients and L will remain more or less constant. of equation 2 becomes zero:
Hence, equation 1 contains several exponential crystalloid
1 a2osmotic pressure terms, having the "lumped" rate constant
tpeak = — ln (i—) (5a)"k" (mm _1) and other constant terms, j), 0prot 1Tprot, and L(Table 1). Integrating equation 1 over time (t) yields the
following [11]: The tpeak is inversely effected by k, and hence, by PSg/V, but
less effected by K o (via a,). Thus,
V = V0+ a1(1 — e_kt) — a2t (2)
-V
Here V represents the drained dialysate volume, expressed as tpeak j (Sb)
a function of time. V0 is the volume instilled at time zero,
whereas a1, a2 and k are arbitrary coefficients that determine the In this study we shall use a non-linear least squares regression
change occurring in V as a function of time [8, 11]. Disregard- analysis to determine a,, a2, k and V0 from measured IPV
ing all other crystalloid osmotic pressure terms except that versus time data. These coefficients are then employed to
caused by glucose, a1 is described phenomenologically as: calculate some of the relevant parameters to describe peritoneal
fluid exchange as defined in equation 1.
KrcTgRTCgØ Assessment of the osmotic conductance to glucose. Compar-a,= (3)k ison of two different glucose dialysates. The first approach to
assess K o' from IPV versus time data in CAPD patients is
by the integration of equation 1, with the last term in parenthe- based on the principle of "osmotic transients" [12]. The initial
sis set to zero. iC is the transperitoneal glucose concentration (zero time) rate of fluid filtration (osmosis) occurring from the
gradient present at time zero and RT is the product of the gas blood to the peritoneal cavity is assessed for two different
constant and the temperature in degrees Kelvin ( 19.3 mm dialysate glucose concentrations in separate experiments. If all
Hg/mmol/liter at 37°C). The coefficient k can be approximated other parameters except the glucose concentration remained
by the ratio of the glucose permeability-surface area product constant in these two situations, which is a reasonableassump-(PSg) [glucose mass transfer area coefficient (MTAC)] to the tion (Results), the difference in initial UF rates (osmosis) caused
(mean) intraperitoneal fluid volume (V) during the measurement by the two dialysates (J0) is expressed as:
period. Note that PSg and V are "lumped" within "k". The
coefficient a1 represents the maximal fluid volume that can be = Kfo'g(z1rg, — 1rg1) (6)
transported into the pentoneal cavity by glucose-induced os-
mosis during a dwell, when both lymphatic and capillary fluid where 1Tg is the ideal (van't Hoff's) transperitoneal osmotic
absorption to the blood are set to zero. Thus a, describes the pressure gradient caused by the first glucose concentration and
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Table 2. Diagnoses and some characteristics o
and
f the patients investigated together with their initial UF rates for th
their K&g values assessed according to equation 8
e two dialysates employed
.Patient
number Age Diagnosis
Plasma colloid
BSA osmotic pressure Krog
m2 mm Hg i.d/min/mm Hg
UF rate mi/mm
1.36% 3.86%
1
2
3
4
5
6
7
8
9
10
11
12
61
65
45
62
66
46
71
33
63
66
69
57
NSC
PNC
GNC
NSC
GNC
PCK
PCK
PCN
GNC
Myeloma
PNC
GNC
1.93 20.8 3.56
1.79 18.4 5.78
1.96 25.6 0.89
1.96 20.8 0.71
1.68 21.8 5.61
1.74 24.0 0.84
1.68 22.9 3.79
1.77 20.3 10.7
1.66 21.8 2.29
1.97 28.0 1.47
1.43 23.4 2.10
1.95 20.3 4.75
2.62 11.1
7.50 21.3
4.02 6.14
3.53 5.23
2.70 16.1
5.99 7.97
5.15 14.2
1.48 27.0
3.16 8.62
2.93 6.42
2.32 7.33
10.2 21.5
N
T
SD
SE
12
58.7
11.5
12 12 12
1.79 22.3 3.54
0.17 2.62 2.90
12 12
4.30 12.8
2.52 7.25
Abbreviations are: GNC, glomerular disease; PNC, pyelonephritis; NSC, nephrosclerosis; PCK, polycystic kidneys.
a2 — LKf - ____
11.7
AITg, that produced by the second glucose concentration. Ac- In order to estimate the order of magnitude of Kf and 0g we
cording to van't Hoff's law: must consider the following: the microvascular-to-interstitial
hydrostatic pressure gradient effective, P, is on the order of 10
1Tg, 1Tg1 LCg21RT (7) to 17 mm Hg for an interstitial hydrostatic pressure being
where ACg, represents the difference between the initial slightly negative [13]. During CAPD (in the supine position) the
glucose concentrations of the two solutions. The blood concen- i.p. hydrostatic pressure is, 3 to 5 mm Hg positive [14, 15] and,
'.P is correspondingly lower, 5 to 12 mm Hg. We have chosentration of glucose is assumed to be constant between the two
a P of 8 mm Hg as a reasonable estimate for the hydrostaticdialysates. Combining equation [6] and [7] and rearranging,
yields a solution for the glucose osmotic conductance: gradient between peritoneum and capillary in the present study.
L.1Tprot can be accurately determined using the patients' plasma
Jy protein concentration [16], assuming that the peritoneal fluid
Kfo- (8) protein concentration is equal to zero. This is a good approxi-g
RTLCg, - mation, since for a transperitoneal clearance of total proteins of
0.1 mI/mm [91, the peritoneal dialysate protein concentrationThe initial UF rate during the dwell (J0) is determined using the
approximately becomes 2 g/liter after a 12 hour dwell, corre-
arbitrary coefficients defined above and employing the first time
sponding to a colloid osmotic pressure of only 0.43 mm Hg [16].derivative of equation 2 for t = 0: 0prot for a majority of continuous capillaries is 0.87 to 0.98, and
a1k — a2 (9) we chose a 0prot of 0.895, which is compatible with a two-pore
model of peritoneal membrane permselectivity [9]. In this
Jv0 obtained for two different glucose concentrations can then model the "small pore" radius was 47 A and the "large pore"
be used to calculate Kf using equation 8. radius 250 A. L is the most controversial parameter to estimate.
Alternate calculation. Kf 0g can also be determined directly Lymph flow values ranging from 0.25 to 1.0 mllmin have been
from equation 3 once k and a1 have been determined, because determined [17—19], depending on the technical approach used
Cg0 is known. However, this approach is less accurate than and/or the theory applied in evaluating peritoneal colloid tracer
that based on equation 8, since it assumes that all other disappearance data.
crystalloid osmotic pressure gradients except that induced by Setting zTprot equal to 22 mm Hg, representing the mean
glucose are negligible and can be eliminated from the J,,. In the value in the patients of the present study (Table 2) and inserting
present study, however, we will derive parameters utilizing the parameter values assumed above into equation 10 yields,
both the mentioned approaches. after rearranging:
Order-of-magnitude estimations of Kf and 0g Relationship
between the peritoneal lymph flow (L) and Kf. The rate of fluid
absorption from the peritoneal cavity (a2) that occurs after all (11)
crystalloid osmotic gradients have dissipated,that is, when the
second term on the right in equation 2 is zero, has been
experimentally determined in this study and can be expressed 0g can now be assessed from Kf cr5 as determined from either
as: equation 8 or by equation 3, if L is known, because L deter-
mines Kf according to equation 11. However, since there is
a2 Kf (0protiTprot — P) + L (10) uncertainty as to the magnitude of L, we will present a range of
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possible combinations of 0g and Kf compatible with our data
but for differing values of L.
Relationship between L, Kf crg and the fractional transcellu-
lar hydraulic conductance (ar). If the peritoneal membrane
were homoporous and the equivalent small pore radius were 45
to 50 A, then the o would be 0.032 to 0.027 according to current
hydrodynamic calculations of ff[7, 20]. In that case the perito-
neal small solute sieving coefficient (Cperit.fi,trate/Cp,asma; or I)
would be close to 1. However, 1 (at least for large glucose
osmotic transients) is much smaller than unity, ranging from 0.5
to 0.6 [4]. Therefore, approximately one-half of the glucose-
induced osmotic water flow occurring through the peritoneal
membrane must be due to transport through transcellular chan-
nels, too small for small solutes to enter. Rippe and Stelin [9]
found that '1 for small solutes was 0.6, if only 1 to 2 percent of
Kf was caused by a transcellular pathway that rejected solutes.
They modeled the peritoneal membrane as having a large
number of small pores of radius (rs) 45 to 50 A, which
provided approximately 93.5 percent of Kf, and a few large
pores, radius (rL) 200 to 300 A, which provided only 5 percent
of the total membrane volume conductance. In addition a large
number of "ultrapores" of radius less than 6 A, provided an
additional 1.5 percent. For such a three-pore model the average
glucose reflection coefficient for the entire heteroporous perito-
neal membrane (ifg) due to the small pore, large pore and
transcellular partial if'S, respectively, are weighted by the
respective fractional hydraulic conductances (a) accounted for
by either pore system, that is, by a5, aL and a. Thus:
= acr + a5o5 + aLirL
o equals 0.0299 and 0L is 0.001 as calculated for glucose (mol.
radius 3.7 A) for rs = 47 A and r = 250 A, respectively [20].
Setting O = 1, aL = 0.05 and a5 = (1 — 0.05 — a) yields:
= 0.97a + 0.0285
Furthermore, combining equation 11 and 13 yields:
a2 - L
Kfifg =
11.7 (0.97a + 0.0285)
Since a2 and the product of K and 0g are experimentally
determined in this study, this equation shows how a, ifg K
and L are interrelated according to the three-pore model
proposed. Knowing just one of these parameters allows the
others to be estimated.
Relationship between a and the average peritoneal small
solute sieving coefficient ('1). Defining the small solute sieving
coefficient ('b) as the filtrate-to-plasma concentration ratio of
solute prevailing at high filtration rates when transperitoneal
diffusion is negligible, then
(J — L )(1 — o, )
where iv is defined by equation 1 and if5 is the "average"
(small) solute reflection coefficient in small and large pores for
solutes ranging in radius from 2.5 to 4 A. Sav is here set to 0.02,'
and hence, (1 — a) is 0.98. J,,, is the fluid flow occurring
across the transcellular pathway rejecting small solute transport
and can be calculated from equation 1:
Jv, = aKP — 1Tprot + LiTg) (16)
Here zP and MTprot has been given defined values previously,
and .iTg is set to 4023 mm Hg as valid for 3.86 percent Dianeal®
at t = 0. Note that in this equation the reflection coefficients of
glucose and proteins are set to 1. Equations 15 and 16 thus
determine the relationship between a and '1. When a = 0.015,
then 'I is 0.611. When aç = 0.054, then c1 is 0.300. The
relationship between a and cI is independent of Kf, since K is
a factor inherent in both the numerator and the denominator of
equation 15.
Patients and experimental techniques
Twelve CAPD patients with end-stage renal disease of di-
verse causes (five women and seven men) having a mean age of
58 years (range 33—71) participated in the study (Table 2). They
all had four daily, two liter exchanges of dialysis fluid
(Dianeal®; Baxter, Deerfield, Illinois, USA). The patients had
been on CAPD for at least three months when the experiments
began. None had a history or showed any clinical signs of liver
pathology, since serum aspartate, alanine aminotransferases,
alkaline phosphatases and bilirubin were all normal.
As far as possible the patients were placed in a supine
position during the experiments, and the CAPD bag remained
(12) connected to the tubings. To determine the intraperitoneal fluidvolume versus time during dialysis, the dialysate was rapidly
drained into the CAPD bag, subsequently weighed and rein-
stilled. This procedure was repeated after specified time inter-
vals occurring at approximately 15, 30, 60, 120, 200, 300, 400
and 600 to 700 minutes following completion of the first instil-
lation. The 600 to 700 minute volumes were usually obtained
(13) overnight. Drainage and instillation periods were kept as short
as possible (maximum 15 mm). Only fifty percent of the
drainage and instillation periods were included in the cumula-
tive i.p. dwell time, since during drainage and infusion, approx-
imately only one-half of the dialy sate was "effectively" present
(14) intraperitoneally. The drained volume was determined from the
total bag weight corrected for the weight of the empty CAPD
bag and of the connecting tubings and also for the density of the
dialysis fluid. The peritoneal residual volume was determined in
five of the patients using an i.p. colloid tracer well mixed with
the dialysate ('251-Human Serum Albumin) and assessing the
concentration shift immediately following an exchange to a
tracer free bag. The residual volume ranged between 160 and
410 ml (mean 262 47). Whenever taken into consideration, a
value of 260 ml was used for the residual volume in this study.
Shifts in IPV versus time are regarded as identical to shifts in
drained volume versus time, except that IPV represents the
drained volume plus the residual volume, which was assumed
to remain constant over time.
iv
(15)
According to the Drake & Davis equation [20] cr5 for urea (mol
radius 2.6 A) is 0.015 when the small pore radius is set to 47 A, whereas
for a solute being 4 A in radius ci, is 0.035.
E
0
>
C
Table 3. IPV versus time curve coefficients (eq. 2) for all patient data
Dialysate glucose conc
V0 a1
min' a2mi/mm Nml
3.86% 2059 180 1017 177 0.0100 0.0026 1.29 0.35 85
1.36% 2051 98.0 323.6 98.0 0.0133 0.0070 1.22 0.20 82
Number of data (JV) is also indicated. Data are means sE.
Statistics
A computerized non-linear least squares regression analysis
utilizing a specially designed program [21] was employed. All
calculations were performed on an IBM compatible Personal
Computer. Results are given as means and standard errors of
the means (SE).
Results
Drained volume versus time data from one of the patients
(#10) for 1.36 and 3.86 percent Dianeal®, respectively, are
shown in Figure 1. The best curve fit according to equation 2,
obtained by computerized non-linear least squares regression
analysis [21] are shown in the figure and the four coefficients
determining the curve shape are listed in Table 1. Initial UF
rates computed according to equation 9 were 2.93 and 6.42
mllmin for 1.36 and 3.86 percent Dianeal®, respectively. K 0g
calculated according to equation 8 was 1.47 p1/mm/mm Hg.2
The tpeak was calculated to be (eq. 5a) 91 and 254 minutes for
the two dialysates, respectively. Using equation 3 and setting
serum glucose concentration to 6.0 mmollliter, Kf og was 3.19
and 2.13 p1/mm/mm Hg for 1.36 and 3.86 percent Dianeal®,
respectively.3
2 Cg2_1 was (38.6 — 13.6) x x = 123.3 mmol/liter, where is
a dilution factor and converts glliter to mmol/liter.
was 61.7 mrnol/liter and 185.0 mmol/liter for 1.36 and 3.86
percent Dianeal®, respectively.
Table 2 lists patient data that includes initial UF rates
(calculated according to eq. 9) and K 0g values (calculated
according to eq. 8) for each patient. Kf o estimates obtained
using equation 3 did not differ significantly from the values
listed in Table 2. They averaged 3.73 0.52 (SE) and 3.89 0.55
jdlmin/mm Hg for 1.36 and 3.86 Dianeal®, respectively. The
average K °g calculated using equation 3 for all measurements
for both 1.36 and 3.86 percent Dianeal® was 3.81 0.52
p.1/mm/mm Hg. The similarity between estimates obtained using
equations 8 and 3 indicates that glucose is by far the most
dominant crystalloid determining transperitoneal fluid ex-
change, the other crystalloids being of minor importance.
The K 0g estimates in this study are consistent with previ-
ously published values. Rippe et al [1] obtained a Kf o value of
4.0 p.11mm/mm Hg/1.73 m2 BSA for the cat peritoneal mem-
brane, whereas the data of Daniels, Leonard and Costell [221
obtained in the rat, when extrapolated to man, were compatible
with a K r of 4.7 p1/mm/mm Hg. In CAPD patients values
between 3 and 15 p.1/mm/mm Hg were recently calculated by
Jaifrin, Odell and Farrell [31 for various IPV versus time data
selected from literature values.
When all patients' IPV versus time data, for both dialysates
were analyzed together, we obtained the average arbitrary
coefficients (± SE) as listed in Table 3. Furthermore, the average
IPV versus time curves generated with these coefficients are
shown in Figure 2. Note that a1 was approximately threefold
larger for 3.86 percent Dianeal® than for 1.36 percent Dianeal®
due to the threefold higher glucose concentration in the former
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Fig. 1. Experimental drained volume versus
time data together with the best curve fits
obtained by non-linear least squares
regression analysis for 1.36% (— — 0 — —) and
3.86% Dianeal® (— •
—), respectively, in
patient #10. The parameters (±sE)
determining these curves are listed in Table 1.
700
Time, minutes
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dialysate. Note also that the three other coefficients (k, a2 and
V0) did not differ significantly between the two dialysates,
indicating that the peritoneal exchange characteristics were
unchanged in the two situations. The total peritoneal absorption
rate (a2) averaging 1.25 0.14 mI/mm for all curves investigated
is apparently somewhat higher than that determined in many
previous studies [8, 11]. This may be due to the fact that we
assessed a2 using a volume recovery method, whereas the
majority of earlier investigators have employed tracer dilution
techniques, that may have overestimated IPV progressively
with time.
Discussion
The peritoneal osmotic conductance to glucose (Kf Org) and
the glucose permeability-surface area product (PSg) are the
main determinants of peritoneal ultrafiltration rate and the IPV
versus time relationships during peritoneal dialysis utilizing
glucose as the dialysate osmotic agent [3—5, 8]. In this study we
have presented two ways to calculate K 0g from experimental
IPV versus time data obtained during CAPD, both yielding
similar values (3.5 to 3.8 d/min/mm Hg). Furthermore, we have
demonstrated the relationship between defined arbitrary coef-
ficients that determine the shape of the IPV versus time curve
and the major parameters necessary to describe in physical
terms the peritoneal fluid exchange system.
Unfortunately, it is not possible from IPV versus time data to
evaluate exactly the relative contribution of peritoneal lymph
flow (L), to the total transperitoneal fluid exchange. Since L is
not readily determined by direct approaches, such an evalua-
tion is possible only if the osmotic conductance to impermeable
colloids, such as albumin (o 1), and hence, Kf, is experimen-
tally determined [1]. Thus, if K is sufficiently high, there would
be a substantial absorption of fluid into the capillaries by
Starling forces in addition to lymphatic drainage (L). However,
according to equation 10, if K is small (less than 0.04 to 0.03
mi/mm/mm Hg), lymphatic drainage should be the dominating
process by which fluid from the peritoneal cavity enters the
blood.
We have determined Kf 0g' andbecause 0g is dependent upon
both the equivalent small pore radius and a, according to pore
theory, as defined above (eq. 13), we have been able to show
the interrelationships between 0g' K and a. Furthermore, we
have derived an equation that relates ffg, Kf and a to the
peritoneal lymph flow (eq. 14). In addition a is directly related
to the peritoneal small solute sieving coefficient ((F) according
to equations 15 and 16. For Kf 0g = (pLlmin/mm Hg) and the
pore size estimates obtained previously [9], the mathematical
relationship between 0g' Kf, a, L and (F is shown in Figure 3.
K was varied from 0.11 mI/mm/mm Hg to near zero and o
from 0.03 to near unity. Note that there is a limited range in
which a can vary for a small solute sieving coefficient ((F)
ranging between 0.3 and 0.6. Therefore, we can evaluate a
realistic range of 0g, Kf, a and L compatible with the present
data.
Rippe et al [1] estimated c to be of the order of only 0.01 for
the cat peritoneum. To account for the fact that (F has been
shown to be 0.6 by several investigators, Rippe and Stelin [9]
calculated a to 0.015. According to some authors [23], (F may
be lower than 0.6 (0.3 to 0.4), compatible with even larger
values for a, 0.04 to 0.05. For a within the limits of 0.015 to
0.054 and (F within the limits of 0.61 to 0.3 the ranges of ffg Kf
and L that are the most plausible are depicted between the
hatched vertical lines in Figure 3. Note that in this interval, L
ranges between 0.3 to 0.75 ml/min, the most realistic values,
however, ranging between 0.3 and 0.5 ml/min. This is slightly
larger than our previous assessments of peritoneal lymph flow
[17]. For both Kf and 0g the most appropriate values fall
between 0.043 and 0.081 (mI/mm/mm Hg and dimensionless,
respectively).
The present analysis of IPV versus time data is similar to that
presented by Pyle et al [8, 11], except that we have used a more
extensive analysis, and interpreted the arbitrary coefficients
determining the shape of the IPY versus time curve into
parameters directly relevant to pentoneal exchange. The rate
constant, k, characterizing the rate of initial growth of the IPV
versus time curve, for instance, is essentially governed by the
ratio of the glucose mass transfer-area coefficient (PSg) over the
mean intraperitoneal volume during the period of measurement.
In a previous study we determined PSg to 17.2 mi/mm per 1.73
m2 of body surface area (BSA) or 17.9 mI/mm, not standardized
to BSA [24]. Setting mean IPV during a 3.86% Dianeal® dwell to
2660 ml (2400 ml plus 260 ml residual volume) PSg would be 26.6
mi/mm for the present value of k. This is 40% higher than the
PSg value determined by our laboratory previously [24]. The
reason for the discrepancy is not obvious. However, k is more
complex than just equalling PSg/V. It also contains a dilution
term in the numerator, approximately equalling average J,,.
Furthermore, peritoneal osmotic gradients of urea, sodium,
potassium, lactate and bicarbonate, and other substances also
determine the IPV versus time relationship. The intraperitoneal
hydrostatic pressure is also a function of IPV [14, 15], which
will affect the curves. In a subsequent study we shall use a more
detailed description of peritoneal transport according to a
heteroporous (three-pore) model taking into account several of
the mentioned crystalloid osmotic transients and also the vari-
ation of hydrostatic pressure with V. In this analysis PSg is
more consistent with values predicted by pore theory [9].
The simple volumetric technique for determining the IPV
versus time curve employed in the present study may at first
seem oversimplified. However, it is straightforward and simple
to use and also reasonably accurate. But, it must be performed
with care to avoid variations in residual volume. The advantage
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Fig. 2. Average drained volume versus time curves for 1.36% (hatched
line) and 3.86% (solid line) Dianeal®, respectively, for all patient data.
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of this technique is that it circumvents the problems inherent in
colloid tracer experiments. If a tracer is to be used as a volume
marker, it must not disappear from the volume under study.
However, the (non-steady state) disappearance rate of a colloid
injected into the peritoneal cavity is 2 to 3 percent per hour
[17—19], approximately equalling the peritoneal-to-blood ab-
sorption rate of fluid. Since the peritoneal colloid and fluid
disappearance rates are similar, this has been taken as support
for the notion that fluid and colloid uptake to the blood occur
via the same route, namely via non-size-selective lymphatic
drainage [18, 19]. According to the present results and many
previous studies [17, 25, 26] this is probably not correct.
Furthermore, in the present study we followed the actual
volume present in the peritoneal cavity as a function of time. A
volumetric technique, or a multiple injection tracer dilution
technique is then superior to conventional tracer dilution tech-
niques. Alternatively, a conventional dilution technique cor-
rected for the tracer disappearance versus time can be em-
ployed [27, 28]. Failure to correct for the colloid tracer
disappearance rate leads to a cumulative overestimation of the
actual volume present in the peritoneal cavity of approximately
40 to 60 ml/hr or 400 to 600 mlJlO hr.
The present IPY versus time curves are entirely consistent
with a multiple pore model of the peritoneal membrane pre-
sented previously [9]. The small pores (radius 45—50 A),
accounting for 90 to 94 percent of Kf and the transcellular water
conductive pathway (radius 4 to 6 A), accounting for only a few
percent of Kf, are both of particular importance for the trans-
peritoneal fluid transport. However, the large pores (radius
200 to 300 A) are rather unimportant. Thus, initially during a
dwell, glucose induced UF (osmosis) is about equally parti-
tioned between small pores and transcellular pathways, respec-
tively, whereas the blood-to-peritoneal filtration (bulk flow)
through large pores is small, 0.05 to 0.07 mI/mm. Furthermore,
this unidirectional large pore flow is more or less independent of
the intraperitoneal glucose concentration and hence of dwell
time. The present results further indicate that a- of glucose in the
peritoneal membrane is relatively small (0.04 to 0.08) and K is
relatively large (0.04 to 0.08 mllmin/mm Hg). One important
implication of the latter finding is that transport of fluid from the
peritoneal cavity to the blood must take place partly due to
absorption directly into the capillaries by the Starling forces.
Thus, according to the present study, at most 50 percent of the
total peritoneal-to-blood fluid absorption is predicted to occur
by lymphatic drainage.
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